Objectives: Intervertebral disc (IVD) degenerates progressively with age and after injuries. In this study, we aimed to characterize early molecular events underlying disc degeneration using a mouse tail IVD injury model. Design: We have established a transcutaneous minimally invasive approach to induce mouse tail IVD injury under fluoroscopic guidance. Morphological and molecular changes in the injured IVDs are compared with the baseline features of adjacent intact levels. Results: After needle puncture, tail IVDs exhibited time-dependent histological changes. The aggrecan neoepitope VDIPEN was evident from 2 days to 4 wks after injury. A disintegrin and metalloproteinase domain-containing protein 8 (adam8) is a surface protease known to cleave fibronectin in the IVD. Gene expression of adam8 was elevated at all time points after injury, whereas the increase of C-X-C motif chemokine ligand (cxcl)-1 gene expression was statistically significant at 2 days and 2 wks after injury. Type 1 collagen gene expression decreased initially at day 2 but increased at 2 wks after injury, whereas no significant change in type 2 collagen gene expression was observed. The extracellular matrix gene expression pattern is consistent with fibrocartilage formation after injury. Conclusions: Mouse tail IVDs degenerate after needle puncture, as demonstrated by histological changes and aggrecan degradation. The minimally invasive tail IVD injury model should prove useful to investigators studying mechanisms of IVD degeneration and repair.
I n humans, because most patients do not receive medical attention for back pain during the early stages of intervertebral disc (IVD) degeneration, little is known about the changes that occur during the initial phases of such degeneration. Animal models of disc degeneration would be useful in understanding the events that initiate inflammation/repair and in identifying critical steps that may be amenable to intervention. 1 This work aims to define the early molecular changes during the initial 4 wks, concurrent with histological changes after an injury to the tail IVD in the mouse.
The IVD injury model has been widely used to study the course of IVD degeneration, in large animals (ovine, 2 porcine 3 ), dogs, 4 and small animals (rabbit, [5] [6] [7] [8] rat, 9 and mouse 10, 11 ). One main advantage of the mouse model is the ability to perform genetic manipulations during IVD degeneration. Challenges of working with the mouse IVD mainly reflect its small size: surgical precision is crucial, and the amount of tissue for molecular and biochemical assays is limited. The IVD histology and molecular changes after injury with a 29-gauge (G) needle were first described by Yang et al. 11 The deterioration of biomechanical properties along with histological changes after tail IVD injury with a 26-G needle were further described by Martin et al. 10 The needle puncture, with a 26-G needle, was severe enough to induce IVD degeneration detectable with biomechanical measures. 10 The advantages of the tail injury method include easy access to the tail disc, low morbidity, and a reproducible course of degeneration.
Primary Objective
The main objective of this study was to further refine the surgical technique, including percutaneous puncture of the disc, thus shortening and simplifying the procedure and reducing mouse suffering. As a result of reduced surgical trauma, confounding factors are also reduced in the examination of inflammatory markers. Using this IVD injury model, we determined the time course of histopathological changes and changes in gene expression of adam8, which is an important molecule in inflammation 12, 13 and is upregulated in degenerated IVDs in humans. 14 We also examined cxcl-1 gene expression after injury because we have previously shown that interleukin 8, the human homologue of cxcl-1, is elevated in human IVD tissues surgically removed because of back pain. 15 
MATERIALS AND METHODS

Mice
All animal experimental procedures were approved by the Institutional Animal Care and Use Committee of the Corporal Michael J. Crescenz Veterans Affairs Medical Center in Philadelphia (approval # 01517-0002). Fifteen young adult (8 wk old) female C57BL/6j mice (the Jackson Laboratory, Bar Harbor, ME) were used in this study. Mice were housed under pathogen-free conditions with environmental enrichment, with up to five animals per cage. Twenty animals were used for RNA extraction and histology, with five animals at each of four time points.
Tail Injury Surgery
The mouse was anesthetized with ketamine (90 mg/kg) and xylazine (10 mg/kg) subcutaneously. Under anesthesia, the mouse tail IVDs were injured with a 26-G needle inserted under fluoroscopic guidance with a mini C-arm (OrthoScan FD Pulse Mini C-Arm, Orthoscan Inc, Scottsdale, AZ). Specifically, the skin was cleaned with betadine, the mouse coccygeal (Co) IVDs were identified, and a 26-G needle was inserted into the IVD space until the needle tip reached 2/3 of the disc thickness (Fig. S1 , Supplemental Digital Content 1, http://links. lww.com/PHM/A472). Gelatinous tissues were often found on the needle tip after this had been removed, suggesting that the needle puncture induces an acute herniation of the gelatinous nucleus pulposus (NP) of the IVD. An arrow indicates the coccygeal disc between the third and fourth coccygeal vertebrae (Co3/4; arrows in Fig. S1 , Supplemental Digital Content 1, http://links.lww.com/PHM/A472). This procedure has been modified from previously published work, 10 where a skin incision was made in the tail over the IVD before needle insertion into the disc. In the current study, the Co3/4 and Co5/6 IVDs in each mouse were injured, whereas Co4/5 and Co6/7 served as intact controls (Fig. S1 , Supplemental Digital Content 1, http://links.lww.com/PHM/A472). The percutaneous approach reduced procedure time and minimized risk to the animals. The animals behaved normally (by observing breathing, eating, ambulation, etc.) and did not require medication for pain on the day after surgery. No adverse event such as infection or bleeding was noted. Five animals were sacrificed by exposure to CO 2 at each of the following time points: 2 days, 1 wk, 2 wks, and 4 wks after tail disc injury. From each mouse tail, Co3/4 (injured) and Co4/5 (intact control) discs were isolated individually for RNA extraction. Co5/6 (injured) and Co6/7 (intact control) were isolated en bloc ( Fig. 1) for histological examination and immunostaining (Fig. 3) .
Histological Evaluation
The IVDs and portions of the adjacent bony vertebral bodies were isolated immediately after euthanasia. The disc with its surrounding vertebral bodies was fixed with 4% paraformaldehyde for 24 hrs. The bone-disc-bone segments were decalcified with a solution consisting of 10% citric acid with 22% formic acid for 24 hrs until the bony portion was completely decalcified, as previously described. 16 The tissues were then dehydrated and embedded in paraffin and sectioned to 5-μM thickness, and the sections were stained with Alcian blue with hematoxylin and eosin (H&E) counter stain or with H&E only. Specifically, the tissue sections were stained with 1% Alcian blue solution (Poly Scientific R&D Corp., Bay Shore, NY) for 5 minutes, followed by hematoxylin for 5 mins and eosin for approximately 20 secs. All samples were examined under a light microscope (Nikon) and photographed. Representative sections from each time point were chosen for presentation.
Histological Grades
A modified histological grading scale for mouse discs was developed based on the previous grading methods. 11, 17 As shown in Table 1 , a numeric scale for quantification of the degree of degeneration was designed. Analysis included the status of the annulus fibrosus (AF) organization and the extracellular matrix and cell morphology in the NP. Total scores ranged from 0 to 8. Scores of 0 to 2.0 represent essentially normal tissue; IVDs with mild disc degeneration scored 2.1 to 4.0 points; IVDs with moderate degeneration scored 4.1 to 6.0; IVDs with severe degeneration scored 6.1 to 8.0. Sections of injured and intact discs from 12 mice were evaluated by three experienced clinician scientists in a double-blinded manner. The total scores for NP and AF were calculated, and interobserver variability was assessed by a weighted Kappa using SAS software (Version 9.4; SAS Institute, Cary, NC). Average scores of all three raters were used to compare injured and intact disc histological grades.
Immunohistochemical Staining
Aggrecan neoepitope was examined with antibody to its cleavage site, with the VDIPEN neoepitope at the cleavage site. Specifically, the paraffin sections were pretreated with 0.1% pepsin with 0.02 N HCl and incubated with primary antibodies (a generous gift from Dr. J. Mort, Shriner's Hospital) at 1:1000 dilution. The antibodies were visualized by incubation with appropriate biotinylated antibodies (Vector Laboratories, Burlingame, CA) followed by the color development method using the ImmpPCAT DAB Peroxidase Substrate kit (Vector Laboratories, Burlingame, CA). The sections were counterstained with hematoxylin.
RNA Isolation and Quantitative Real-Time Polymerase Chain Reaction
Intervertebral disc tissues were separated from their adjacent cartilaginous endplates and bone with a scalpel, under a dissecting microscope (VistaVision; VWR International, Radnor, PA) (Fig. S2 , Supplemental Digital Content 2, http://links.lww. com/PHM/A473). Total cellular RNA was isolated by the Trizol method as described previously. 8 Specifically, the isolated IVD tissues were soaked in RNALater (Ambion, Foster City, CA) overnight, and stored at −80°C until extraction. On the day of RNA extraction, RNALater was removed and the tissues were snap frozen with liquid nitrogen, then transferred into Trizol (Invitrogen, Carlsbad, CA). The tissues were homogenized with a homogenizer, with disposable OmniTip probes for hard tissue (Omin International, Kennesaw, GA). Phenol was then extracted with chloroform three times and discarded. RNA was precipitated with 70% ethanol and was further purified using an RNeasy Micro Kit (Qiagen), according to the manufacturer's protocol. RNA concentration was determined using a Synergy H4 Hybrid Reader (BioTek, Winooski, VT). To generate cDNA, all RNA from each IVD (7-20 ng/μl, total volume 50 μl per sample) was used as template in a reverse transcriptase reaction using the SuperScript VILO cDNA synthesis kit (Life Technologies, Carlsbad, CA) containing random hexamers and added polyDT primers (Invitrogen, Carlsbad, CA). CDNA sequences were retrieved from Ensembl (release 84, March 2016). Primers for real-time polymerase chain reaction (PCR) ( Table 2) were designed using Primer-BLAST 18 and synthesized by Invitrogen (Carlsbad, CA) ( Table 2 ). For each PCR reaction, cDNA, SYBR Select master mix (Life Technologies, Carlsbad, CA), and primers (working concentration 0.5 μM) were mixed, and deionized water was added to a total volume of 20 μl per reaction. MicroAmp Optical 96-well reaction plates (Applied Biosystems, Foster City, CA) with 20 μl of reaction mix/well were sealed with optical adhesive film (Life Technologies, Frederick, MD) and run in a ViiA7 real-time PCR system (Applied Biosystems, Foster City, CA) using the following program: (1) 50°C for 2 mins, (2) 95°C for 2 mins, (3) 95°C for 15 secs, (4) 58°C for 1 min, (5) repeat steps 3 and 4 for a total of 40 times. Single products were confirmed by determining melting curves at the conclusion of the reaction. Relative expression was calculated using the 2 −ΔΔCt method 19, 20 normalized to gapdh (endogenous loading control).
Statistics
The difference in genes of interest (adam8, cxcl1, col1a1, and col2a1) and house-keeping gene (gapdh) cycle thresholds (ΔCT) was calculated for each injured/intact pair. To assess differences in ΔCT between injured and intact tissues for each time period, a two-factor analysis of variance in repeated measures was used, where time was a grouping factor and injured/ intact was the repeated measure. Post hoc t tests using the pooled variance were performed for injured/intact differences within each time period. A P value of less than 0.05 was considered statistically significant. All analyses were performed using SAS statistical software (Version 9.4; SAS Institute, Cary, NC).
RESULTS
Histology of Injured Mouse Tail IVD
After injury, the IVD tissue showed loss of normal NP architecture (Figs. 1, 2) . During the initial postinjury period We evaluated histologic grade of the injured and control IVDs, modified from the grading system reported previously (Table 1) . 11 The scoring is based on microscopic sections, stained with Alcian blue and H&E (Fig. 2) , and with H&E only (images not shown). Nucleus pulposus or AF showed grades ranging from 0 (normal) to 4 (severely degenerative), with the total score (NP + AF scores) ranging from 0 to 8 ( Table 1 ). The scores of 3 graders correlated well, as measured by interrater variability (κ = 0.9311). The average scores for the intact IVDs ranged from 0.33 to 0.56, whereas those for the injured IVDs increased from 2.56 to 5.78 over time after the surgery ( Table 3) . The scores for intact discs were all in the normal range (≤2.0), whereas the scores for injured discs were in the mild (2.1-4.0) or moderate (4.1-6.0) range of degeneration according to the grading system described ( Table 1) . Differences between the histological scores of injured IVDs at 2 days, 1 wk, and 2 wks after injury, compared with those of intact IVDs, were not statistically significant (n = 3, P = 0.102, 0.099, and 0.077, respectively) ( Table 3 ). The difference in histological score between injured and intact control IVDs was statistically significant at 4 wks after injury (n = 3, P = 0.0241) ( Table 3) .
Increase in Cleaved Products of Aggrecan Associated With Cartilaginous Changes
Immunohistochemical examination was performed with an antibody that recognizes the aggrecan neoepitope, likely generated by matrix metalloproteinases (MMPs). [21] [22] [23] Immunoreactivity was found in the regions rich in chondrocyte-like cells in injured IVD at 1 and 4 wks after injury (Figs. 3A, B , A′, B′; blue arrows), whereas the staining was limited to the interface between the NP and AF in intact IVDs ( Fig. 3 , intact′; blue arrows), suggesting that proteoglycan remodeling becomes active in the cartilaginous lesion in injured IVD.
Adam8 Gene Expression Is Upregulated After Injury
We have previously demonstrated that disc degeneration is associated with increased adam8 protease and its fibronectin cleavage products in humans.
14 To determine whether this phenomenon is recapitulated in this IVD injury model, adam8 expression was measured via quantitative real-time PCR for a 4-wk period after injury (Fig. 4A) . After injury, adam8 gene expression increased compared with adjacent intact controls at all time points examined: day 2, P = 0.004; 1 wk, P = 0.018; 2 wks, P = 0.003; and 4 wks, P = 0.025 (n = 5 at each time point) (Fig. 4A) .
Cxcl-1 Gene Expression Is Upregulated After Injury
We have previously shown that interleukin 8, the human homologue of cxcl-1, is elevated in human IVD tissues surgically removed due to back pain. 15 Cxcl-1 gene expression is elevated at 2 days and 2 wks after injury (n = 5, P = 0.023 and 0.010, respectively) (Fig. 4B) . There is no statistically significant change at 1 wk or 4 wks after injury (n = 5, P = 0.850; n = 4, P = 0.879, respectively) (Fig. 4B) .
Extracellular Matrix Gene Expression Representing Injury-Repair Responses
To examine whether expression of genes encoding extracellular matrix molecules is altered in response to injury, we examined collagen1 α1 chain (col1a1) and collagen2 α1 chain (col2a1) gene expression. col1a1 gene expression was downregulated at day 2 after injury (n = 5, P = 0.023) (Fig. 4C ) but upregulated at 2 wks after injury (n = 5, P = 0.010). There is no statistically significant difference in col1a1 gene expression at 1 wk or 4 wks after injury (n = 5, P = 0.850 or 0.879, respectively) (Fig. 4C) . col2a1 gene expression comparing injured and intact controls did not reach statistical significance at any of the time points studied (n = 4-5, P > 0.050) (Fig. 4D) .
DISCUSSION
The mouse model is attractive because of the opportunity for genetic manipulations. However, the mouse tail is nonweight bearing; thus, the biomechanics of the vertebra-disc-vertebra motion segment differ from those of the human lumbar spine.
Nonhuman primates are the only mammalian species that spend part of their time in an upright position and share important physiological characteristics with humans. However, rodent models provide opportunities for genetic manipulation, and a larger sample number can be achieved. Thus, these are useful in spine research.
The needle injury resulted in a full thickness AF injury model with a relatively large needle (26 G), which results in an acute NP herniation through the injured AF. Although this is an important model to study disc herniation and the subsequent degeneration, we acknowledge that only a percentage of the human condition involves concurrent NP herniation while others only manifest as annular bulge. Furthermore, variability of the procedure has been taken into consideration, even with meticulous training and practice on the part of the surgeon. The degeneration induced by puncture with a 26-G needle was mild to moderate, equivalent to grade 1 in the goat (grades 0 being normal, 2 being severe) 17 and grade 2 to 4 in humans (grade 1 being normal, grade 5 being severe). 24 Not surprisingly, injury induced in our model is more severe than that reported with a thinner needle. 11 By 4 wks after injury, the NP space was filled with chondrocyte-like cells (Figs. 1, 2) . It is worth noting that although histological features continue to be the standard criterion for evaluating human disc degeneration, the scores tend to be subjective and insensitive to detect subtle differences between injured groups. In addition, because the severity of injury in the mouse model can be controlled by using different sized needles, a smaller gauge needle may be used for experiments that aim to detect subtle changes.
The origin of the cells filling up the space left by NP herniation has not been determined yet; they may be proliferating residual NP cells or migrating from the AF or surrounding cartilaginous endplate as previously suggested. 25 One important mechanistic question is the origin of cells contributing to repair. Cell tracing method with a fluorescent Cre reporter mouse crossed with Cre specifically expressed in different zones of the mouse IVD (e.g., Col1CreER/Col2CreER/Shh-creER) would definitively confirm which anatomical area these cells migrated from. Col1CreER, 26 Col2CreER 27 or ShhCreER 28 would allow specific fluorescent activities in the outer AF, inner AF, or NP, respectively. Adopting this methodology would help determine the cell origin and elucidate the mechanism of repair after a disc injury. Aggrecanase and multiple MMPs are capable of cleaving aggrecan. 22, 23 The neoepitope VDIPEN resulting from MMP cleavage 21 is detected consistently after disc injury (Fig. 3) . The findings suggest that MMPs, at least in part, play a role in tissue remodeling, degeneration, and repair after an IVD injury.
Although the ultimate goal of the study is to understand the pathophysiological events in human IVD degeneration, we acknowledge that there are significant differences between mouse and human spine both histologically 16 and physiologically. Notochordal cells persist in the mouse IVD, which play a significant role in development of IVD degeneration. 29 Other significant differences in mechanical loading and composition and metabolism exist. 1, 30 The adult goat/sheep and chondrodystrophic dogs do not have persistent notochord cells and thus are more suitable for certain studies. However again, these animals lack the opportunity for genetic manipulations that the mouse model offers.
Adam8 (also known as CD156) belongs to the Adam family of cell surface proteases. 13 Members of the Adam family participate in remodeling of extracellular matrix, cell migration, and processing of membrane-bound signaling molecules 31 and play important roles in the immune system. Adam8 is known to cleave fibronectin and promote cartilage degradation in articular cartilage. 32 In human IVD tissue, adam8 has been shown to cleave fibronectin, resulting in a bioactive fragment 14 that could further accelerate disc degeneration. 33, 34 Adam8 gene expression is elevated at all time points examined, suggesting a key role in the injury/repair process, thus warranting further investigation. However, we have yet to confirm the key role of adam8 in the repair process after IVD injury. For example, adam8 protein level and tissue distribution need to be determined by quantitative Western blot and immunostaining, to confirm that the messenger RNAs are indeed translated into protein. We have shown clear progression of IVD degeneration in response to tail IVD injury by histology, immunostaining, and gene expression methods. One limitation is that although we found that aggrecan neoepitope was present in areas rich in chondrocyte-like cells, cellularity has not been quantified. To examine cell proliferation, we will use a method detecting the incorporation of 5-ethynyl-2′-deoxyuridine, a thymidine analog, into DNA, 35 as previously reported. 36, 37 In summary, we have established a minimally invasive approach to the mouse tail IVD injury model that is easier to use than the previously described open surgical approach. Adam8 gene expression is upregulated at all time points after injury, suggesting a role of this protease in initiating injury/ repair events. This IVD injury model may be suitable for elucidating the origin and nature of the cells appearing in injured NP and the role of adam8 in cell migration/inflammation and aggrecan degradation.
